The interaction of the Shockley surface state with the step lattice of vicinal Cu(111) leads to the formation of an electronic superlattice state. On Cu (443), where the average terrace length forms a ''shape resonance'' with the Fermi wavelength, we find a step-lattice-induced band-gap opening at the Fermi level. A gap magnitude > 200 meV is inferred from high resolution photoemission experiments and line shape analysis. The corresponding energy gain with respect to a gapless case is 11 meV=unit cell, and is a substantial contribution to the stabilization of the step lattice.
The interaction of the Shockley surface state with the step lattice of vicinal Cu(111) leads to the formation of an electronic superlattice state. On Cu(443), where the average terrace length forms a ''shape resonance'' with the Fermi wavelength, we find a step-lattice-induced band-gap opening at the Fermi level. A gap magnitude > 200 meV is inferred from high resolution photoemission experiments and line shape analysis. The corresponding energy gain with respect to a gapless case is 11 meV=unit cell, and is a substantial contribution to the stabilization of the step lattice. DOI The stability of vicinal surfaces is governed by the behavior of the temperature dependent anisotropic surface tension , which in turn depends on step and step interaction energies [1, 2] . Both contributions to have non-negligible electronic components, which are generally poorly understood. The investigation of vicinal surfaces, where steps form a dense one-dimensional (1D) lattice, may thus contribute to understanding a number of important material properties which are controlled by , such as crystal growth, surface roughening, or the equilibrium shape of small crystallites [3, 4] . The dominant contribution to is the formation energy of single isolated steps. Interactions between steps are typically 2 orders of magnitude smaller [3] . Nonetheless, they can crucially influence the behavior of surfaces, for example, by rendering particular surface orientations unstable, with respect to faceting in different vicinal faces [5] . Furthermore, they determine the degree of order on a vicinal surface. Vice versa, they can be obtained from the width and shape of the terrace width distribution [6] .
Step-step interactions have typically been attributed to elastic interactions due to the lattice relaxation around step sites, and to dipole-dipole forces caused by the charge rearrangement at step sites [4] . Both scale with the inverse square of the terrace length L, thus leading to monotonically increasing disorder in the step lattice as the terrace length increases. More diverse behaviors, such as extrema in the roughening temperature for ''magic'' terrace lengths, may be expected in the presence of electronic step-step interactions. Such interactions are mediated by the conduction electrons, reacting to the structural changes on the surface [7, 8] . The primary candidates for long ranged electronic interactions are metallic surface states, since the decay of Friedel oscillations in the charge density with distance from the scatterer diminishes from r ÿ5 for 3D states to r ÿ2 for the intrinsically 2D surface states [8] .
On Cu(111) the Shockley surface state is metallic, though it has only an occupancy of about 1=25 of an electron per surface unit cell and is thus not expected to play a dominant role in the energetics of the system [9] . However, it was shown for the homoepitaxial system of Cu on Cu(111) that adatoms at low temperatures preferentially arrange with interatomic distances of n F =2, where F 2:9 nm is the Fermi wavelength of the surface state [10, 11] . In a one-dimensional, periodic system with a large unit cell, surface state mediated adsorbate interactions were inferred even at room temperature [12] . On vicinal surfaces, the unit cells are intrinsically large, and the scatterers one dimensional. We thus expect surface states to influence energy balance and surface structure. Electronic step-step interactions on vicinal surfaces have been predicted for several cases based on model potential calculations [13, 14] . However, only indirect experimental evidence for their presence has been reported [15, 16] . In particular, a direct measurement of the superlattice related modification in the electronic band dispersion around the Fermi level has been lacking so far. In this Letter, we report the observation of a step-lattice-induced band gap, opening at the Fermi level in the surface state dispersion of Cu(443). This lowers the energy of the electronic system, resulting in a step-lattice stabilization for L F =2.
Surface states on metal surfaces are widely investigated as model systems for the behavior of electrons in nanostructures [17, 18] . In order to understand surface state mediated interactions on vicinal surfaces, it is essential to determine the scattering properties of steps. However, controversial results have been reported. Scanning tunneling microscopy (STM) and photoemission studies of similar surface states on large Ag(111) and Au(111) terraces indicated zero transmission across step edges, resulting in total confinement on single terraces and an energy shift of the lowest lying state / L ÿ2 , consistent with a particle in a box picture [18] [19] [20] .
Photoemission experiments on vicinal Cu with terrace lengths L & 15
A, on the other hand, found propagating free-electron-like states as inferred from the roughly parabolic band dispersion and from the shift in binding energy / L ÿ1 [21] [22] [23] [24] [25] . Fig. 1 it is seen that this shape resonance condition k F =L is best met for Cu(443). However, several earlier investigations on vicinal Cu(111) surfaces gave no indications of a step-lattice-induced band gap [22, 23] . Our systematic photon-energy dependent studies resolve this issue. The band gap is hidden for most measurement conditions by the large inhomogeneous broadening of the photoemission spectra and reveals itself only for photon energies close to the cross section minimum around 50 eV, where states from consecutive Brillouin zones have similar weights [26] .
Cu (443) Figure 2 (a) shows a Fermi surface map from Cu(443), recorded with h 53 eV. The wave vector component k x points in the direction perpendicular to the steps. The Fermi surface resembles two free-electron-like, quasicircular contours, offset by a reciprocal lattice vector of the step lattice. This is direct evidence for the formation of a superlattice state. The Fermi surface cannot be explained by final state umklapp processes, since no similar effects are observed for the equally intense bulk sp bands (not shown). Hence, the energy density in the surface state must depend on the terrace length, and thus gives rise to an electronic step-step interaction. The coincidence of the contour centers with the zone boundaries indicates propagation of the surface state along the macroscopic surface plane, rather than the individual terraces [21, 23] . At the zone center ( ÿ ÿ 10 ) the two contours merge by opening a neck along the symmetry line. The depletion of spectral weight at the merging point indicates the opening of a band gap. Its location at the ÿ ÿ points reflects the significant p x symmetry of the surface state in a step lattice. The observation of a band gap is confirmed by the energy distribution curves (EDC's) shown in Fig. 2(b) . The EDC taken at ÿ ÿ 10 shows a peak significantly below the Fermi level, clearly distinct from the spectrum taken at point A, where a Fermi level crossing is evident after normalization of the spectra with the Fermi-Dirac distribution.
In order to be more quantitative, we have measured the dispersion of the surface state perpendicular to the steps for several photon energies. Data taken at h 46 eV are shown in Fig. 3 . Consistent with the data in Fig. 2 , we observe a band in three Brillouin zones. Its dispersion follows the periodicity of the step lattice by being bent back at ÿ ÿ 10 . The detailed behavior of the line shapes is better seen in the EDC's shown in Fig. 3(b) . Clearly, peak widths and shapes strongly vary with momentum, an effect completely unexpected for a weakly interacting electronic system. Furthermore, the rather broad linewidth around ÿ ÿ 10 complicates a direct quantification of the gap magnitude. To clarify these issues we performed a 
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VOLUME 92, NUMBER 1 016803-2 016803-2 line shape analysis of the photoemission data, aiming as well to justify the assignment of the peak to a single band. To do so, we used a model similar to the one published in Ref. [24] . The physical idea behind it is as follows. The surface state has a rather short coherence length c , presumably in the range of only a few terrace widths. Thus the photoemission intensity has to be described as the incoherent sum over emission from areas limited in linear dimension by c . These areas, in general, have different local structures, since step positions fluctuate around the nominal lattice positions. For simplicity we assign to each of these areas a Kronig-Penneytype dispersion which depends only on the average terrace length L L in a given region. The dispersions are weighted with a probability distribution P L L which we assume to be Gaussian. The photoemission intensity is then calculated by numerically integrating the P-weighted spectral functions for all contributing L L. The effects of this broadening are illustrated in Fig. 3(c) , where we show a set of dispersion relations, weighted with their importance P L L for Cu(443). The largest energy spread of the dispersion curves coincides with the significant peak broadening around ÿ ÿ 10 . Furthermore, it can be seen that the gap at ÿ ÿ 00 and ÿ ÿ 20 almost vanishes in the integrated intensity. For the same reason the band gap cannot be clearly resolved at low photon energies, where only the state centered at the first zone boundary =L is observed [26] .
Two-dimensional fits to the data with the above described model show an almost quantitative agreement of fit function with the experimental line shapes, which we take as strong evidence for the assignment of the peak at ÿ ÿ 10 to a single band bending back at the zone centers significantly below the Fermi level. Using the procedure described above, the analysis of data taken at various photon energies consistently yields the following results: the band bottom is located at 320 15 meV below the Fermi level, and the bandwidth is found to be in the range of 90 -140 meV. This leaves a gap of about 200 meV below E F , and the full gap size is estimated to be as large as 450 meV.
In the following we discuss the surface state contribution to the stability and order of the surface. First, we note that the energy balance of vicinal metal surfaces is extremely delicate. The most recent calculations of Raouafi et al. give an energy difference between B-type vicinal Cu(111) and a surface faceted in (111) and (110) faces of only 45 meV=unit cell of the vicinal surface [ 1:2 meV= A 2 for Cu(443)] [5] . Earlier investigations even reported the opposite sign; i.e., they claimed the instability of most vicinal surfaces at low temperatures [1] . These values are comparable with the energy density u of the surface state, given by u 111
, where g f is the constant DOS of the 2D free electron gas on Cu(111) with binding energy B .
The opening of a band gap lowers the energy in the surface state. The corresponding change in surface tension can be estimated by comparing the energy density of the superlattice state with a nongapped state with the same occupation [9] :
where g sl is the DOS for the superlattice band. In order to conserve the total charge, we allow for slightly different binding energies Figure 4(a) shows the numerical evaluation of g sl , for a Kronig-Penney-type band with a confining step potential barrier of 7 eVÅ that was extracted from the experimental data in Fig. 3 . It exhibits the characteristic van Hove singularity, caused by the saddle points of the dispersion at the zone boundaries [see inset of Fig. 4(a) ]. The pileup of density of states at energies below the Fermi level reduces the energy, and thus contributes to the stability of the surface. The terrace length dependence of , calculated with the above potential barrier common to all surfaces, and a band onset given by Fig. 4(b) reflect the ambiguity in the character of the surface state wave function on longer terrace lengths [23, 26] .
The maximal reduction of is 11 meV=unit cell which is substantial and can be expected to influence, e.g., the roughening temperature. The enhanced stability of intermediate terrace lengths might also cause signatures in the terrace width distribution, which can be measured by various techniques. To our knowledge, there are no systematic experimental studies of roughening temperature or terrace width distributions on B-type vicinal Cu(111) available. A recent STM study reporting the structure of the related A-type [(100) step facets] surfaces concentrated on a shorter (10.2 Å ) and much longer (32.3 Å , 47.8 Å ) terrace lengths than studied here, and no deviations from the 1=L 2 scaling of the terrace width distribution were observed [27] . Since these average terrace lengths do not meet the condition k F =L, the results obtained in Ref. [27] are not in contradiction to ours. Moreover, the non-negligible surface state contribution demonstrates that only the most accurate surface electronic structure calculations are suitable to discuss the stability of vicinal surfaces.
In conclusion, we have reported the first observation of a step-lattice-induced band gap in a metallic surface state on a vicinal surface. The band-gap-induced reduction in the surface free energy is estimated with a simple model to be of the order of 10 meV=unit cell. We expect that the minimum in around terrace lengths of half of the surface state Fermi wavelength leads to an enhanced roughening temperature. It might also be observed in the terrace width distribution which can be measured by STM. 
